The degradation mechanism of iron oxides caused by alumina during reduction from magnetite has been studied. The experiments were carried out by reducing briquettes containing various mixtures of commercial magnetite fines and Al 2 O 3 in a CO/CO 2 atmosphere at 950°C in thermo-gravimetric equipment. Following reduction, samples were examined using optical microscopy, SEM-EDS and XRD.
Introduction
The effects of alumina on the degradation of iron oxides during reduction have been investigated much recently by evaluating reduction degradation index (RDI). A correlation between the concentration of dissolved alumina and the degree of degradation of iron oxides during reduction has been shown in many papers. [1] [2] [3] The fundamental mechanism behind the degradation has not however been revealed. The deleterious effect of alumina on RDI is associated with the hematite-magnetite reduction step or the effect of aluminium on calcium ferrite. 1) The effect of alumina on pore radius in the reduction of wüstite, has been examined by Suzuki et al. 4) using H 2 /H 2 O-reduction and Iguchi et al. 5) using CO/CO 2 -reduction. Both of them noticed that alumina reduces the pore size in iron formed by the reduction. De Bruijn examined the effects of additives on the reduction of hematite under dynamic conditions (gas, temperature) and concluded that Al dissolved in iron oxide retarded the reduction by forming a hercynite cover between the iron oxide and iron. 6) On the other hand according to Piepenbrock 7) reduction is promoted by the formation of hercynite, because the reduction proceeds along the grain boundaries intersected by the hercynite. The effect of additives in hematite pellets on reduction swelling and the crushing strength has been studied by Sharma et al. 8) Alumina clearly decreased the crushing strength. The swelling of the alumina bearing pellets was less than that of the pure pellets, but not as low as that in pellets containing other additives like CaO, SiO 2 and MgO.
All the above phenomena are related to the reduction mechanism. The cation size of the additive and its solubility in iron oxides has a very significant effect on the mechanisms in the all the hematite→magnetite→wüstite→iron reduction steps.
Crystallography is an important tool when researching reduction and reduction mechanisms of iron oxides. Reduction from magnetite to wüstite means forming of wüstite phase in magnetite. Crystal structure of both mineral phases is based on cubic crystal system. Magnetite has an inverse spinel structure and wüstite has a halite structure. 9, 10) In the reduction process, crystallographic orientation of the host magnetite and wüstite replacing it are detected to be epitaxial. 11) With hydrogen reduction orientation relations of both (100) magnetite // (100) wüstite and (011) magnetite // (011) wüstite has been found. 12) In the case of oxidation from steel orientation relations as (100) steel // (100) wüstite // (100) magnetite has been identified. 13) In the present work, the degradation mechanism of iron oxides caused by alumina during reduction from magnetite has been studied.
Experimental

Materials
The test material comprised commercial magnetite fines from a Swedish mine mixed with various amounts of Al 2 O 3 . The magnetite content of the fines was 96.1 wt% and the total iron oxide content, including hematite, was about 97.8 wt%. The most significant quantities of other oxides are shown in Table 1 .
The aluminium additive was a-Al 2 O 3 powder with a grain size of less than 44 mm and a purity of 99.99 %.
Preparation of Samples
The magnetite concentrate was ground and sieved into a grain size less than 74 mm. Then a-Al 2 O 3 was mixed into the fines in amounts corresponding to 0.95, 1.89 or 3.78 wt%. The powder mix to which about 15 wt% of purified ethyl alcohol had been added was pressed into the briquettes with compressive stress of 50 MPa. The wet briquettes were dried at 110°C for a few hours.
Preparation of Porous Samples for Reduction
(Program A) The briquettes (23fϫ5 mm) were first heated in a 34 mm diameter tube furnace at 900°C for 2 h in a CO/ CO 2 atmosphere (CO/CO 2 ϭ5/95 and flow rate 2 l/min). The hot briquettes were quenched into water and afterward dried at 110°C for a few hours. The dry briquettes were ground and pressed again into briquettes. The heating program described above was performed three times but on the last time, the briquettes were prepared smaller (12fϫ5 mm). In order to achieve porous structure for more extensive surface area of reaction between iron oxide and reduction gas the samples were not heated after the last pressing process.
Preparation of Dense Samples for Reduction
(Program B) The ground and sieved powder mix was pressed to the briquettes (12fϫ5 mm) as described above and sintered in a 76 mm diameter tube furnace at 1395°C for 2 h in a CO/ CO 2 atmosphere (CO/CO 2 ϭ5/95 and flow rate 8 l/min). The briquettes were quickly quenched into water after sintering. After drying the briquettes were ready for the reduction experiments. The aim was to make compact and dense briquettes for topochemical reaction during the reduction.
Reduction of Samples
Briquettes prepared using programs A and B were reduced in the 34 mm diameter tube furnace, in a reducing gas mixture of CO and CO 2 with a flow rate of 2 l/min. The CO/CO 2 ratio was kept constant at 90/10 during the experiments. The reduction temperature was maintained constant at 950°C during the reduction. Before the reduction, the sample was first heated in an argon atmosphere, to about 400°C for 10 min and the heated to 950°C. In order to achieve over 90 % reduction, the reduction time was 180-200 min using program A for the porous samples and 450 min using program B for the dense samples. The dense briquettes were also performed the experiments using reduction was interrupted after 30 min.
During the reduction test the sample was held in a platinum basket hanging on a gravimeter connected to a computer for data collecting. After the reduction, briquettes were quenched into water and dried at 110°C.
Mineralogical and Microprobe Chemical Analyses
Microprobe analyses were performed with a JEOL JSM-6400 scanning electron microscope using energy dispersive spectrometry. The equipment included a digital camera and an Oxford Instruments Inca 3.03 software for evaluation of the analyses. An accelerating voltage of 15 kV and a beam current of 120 nA were used.
Crystallographic analyses were made using a Siemens D5000 X-ray powder diffractometer with Mo Ka radiation. Phase identifications from the diffraction patterns were done with the aid of EVA application software 5.0.1.8.
The samples were also examined with an Olympus BX51 optical microscope. Figure 1 shows reduction results. The percentage reduction was calculated from the specimen mass by assuming the decrease was caused by loss of oxygen from iron oxide. The porous briquettes were reduced rapidly and more than 90 % reduction was achieved after 80 min. Aluminium did not retard the rate of reduction but, rather, caused it to accelerate after 60 % degree of reduction. Aluminium oxide is not reduced under the prevailing conditions; however, it can exist either as Al 2 O 3 or hercynite (FeO · Al 2 O 3 ). The calculated degree of reduction depends whether aluminium is assumed to be present as pure Al 2 O 3 or as FeO · Al 2 O 3 . In the latter case the oxygen of FeO component is excluded from the calculation base.
Results
The Reduction Process
Porous Samples (Program A)
The briquettes made from magnetite concentrate with no Al 2 O 3 addition withstood reduction and cooling very well but Al-doped samples did not, being prone to swelling and cracking as shown in Fig. 2 . 
Dense Briquettes (Program B)
The densely sintered briquettes with no Al 2 O 3 (program B) did not break down during or after reduction though a small amounts of very small cracks could be observed (Fig.  4) . On the other hand Al-doped samples were broken down as shown in Fig. 4 . The reduction process took more time because of the denser structure (Fig. 3) . At the beginning of the reduction process, the Al-doped briquettes were clearly reduced faster than the un-doped briquettes, as shown in Fig. 3 . The difference in the degree of reduction at the end of the experiments depends on the assumptions made in the calculation.
SEM-EDS Analysis
Porous Samples (Program A)
The presence of aluminium in the magnetite phase was observed using SEM-EDS analysis. SEM images showed that there were very small relic phase, which was thought to be magnetite-hercynite solid solution, in the iron phase as shown in Fig. 5 . The contents of aluminium in those small particles could not be quantified using SEM-EDS analysis because of their very small size. This was the main reason for including sintered samples in the experiments as it was supposed this would increase the scale of the reactions.
Dense Samples (Program B)
At low magnification, the morphology of the doped samples after reduction appears the same as that of the undoped ones (Figs. 6 and 7) . However, differences can be identified at higher magnifications. Iron, reduced from undoped magnetite, was formed mainly as a homogeneous pure iron phase (Figs. 8 and 10) , although there were grey areas (points 1-3 in Fig. 10 ) including small content of Al, Si, Ti and V. The reduction product from doped magnetite is heterogeneous, i.e. iron containing tiny dark particles or relic phases (Figs. 9 and 11) . The results of the analysis from the relic phases (points 1, 2 and 3 in Fig. 11 ) are shown in Fig. 12 . The point 4 shows that the white phase in the SEM-image is iron. The right column shows the composition of stoichiometric hercynite (FeAl 2 O 4 ) and it is not result of any point. There can be seen that the composition of the relic phase is almost same with that of stoichiometric hercynite.
It is generally accepted that reduction of magnetite to wüstite is a topochemical phenomena. However, as can be seen in the Fig. 13 , the reduction process clearly seems to favour certain internal lattice planes of the magnetite host. The lamellae or network like replacement of magnetite with wüstite most likely seems to advance along (100), or per- haps also along (011), lattice planes of the host. The adjacent allotriomorphic magnetite grains are randomly oriented, which can be seen from the different orientation of the wüstite lamellae in each grain (Fig. 14) .
In the reduction tests interrupted after 30 min the undoped sample has reduced about 4 percentage units less than the doped sample as shown in Fig. 15 . The un-doped sample has reduced to wüstite on the surface of the briquette and the structure of the briquette is still unbroken (Fig. 16) . Wüstite lamellae are also apparent in the magnetite, where reduction has proceeded along the lattice planes. Also the surface of the doped briquettes has reduced more than the centre of briquettes and a small amount of metallic iron is also present at the surface (Fig. 17) . The doped sample is split, where iron has formed and the reduc- tion can be seen to have progressed further. The main oxide around the iron phase is wüstite. Apparent darker magnetite-hercynite solid solution grains appear in both iron and wüstite phases (Fig. 19) . In the un-doped sample there is mainly magnetite containing wüstite lamellae near the surface of the briquette (Fig. 16) . The small magnetite-hercynite solid solution relics in the wüstite phase found in the doped briquettes (Fig. 19) are not observed in un-doped using 3000-fold magnification (Fig. 18) . Only a few stripes of fayalite (Fe 2 SiO 4 ) can be seen in the middle of the wüstite phase (Fig. 18) . The dark particles of magnetite-hercynite solid solution in wüstite would look like continuing as cracks near the reduced iron phase (Fig. 20) . The structure of wüstite grains containing the particles, seem to be split mainly along lattice planes (Fig. 20 and Fig. 21) . Some hercynite relics can be also observed as inclusions in iron. Analysis results for the most important elements from the points shown in analysis (points 7 and 3).
XRD Analysis
According to the X-ray diffraction results, the minerals in sintered briquettes doped with 3.78 wt% Al 2 O 3 are magnetite (Fe 3 O 4 ) and maghemite (g-Fe 2 O 3 ). The reduced samples contained a-iron and hercynite (Fig. 23). 
Discussion
The experiments clearly show that there is a correlation between the amount of alumina and degradation of magnetite during reduction at 950°C (Fig. 2) . This degradation phenomenon above is not, however, the same as break down during the hematite-magnetite reduction step.
Above 858°C, the solubility of Al 3ϩ in magnetite is about 30 wt% 14) and in the case of that, the phase of the spinel group is hercynite. For temperatures above 900°C solid solution between magnetite and hercynite is complete. 15) On the other hand the solubility of Al 3ϩ in wüstite is only about 0.5 wt% at 900°C. 16) Consequently during the reduction of magnetite to wüstite Al cations must diffuse away from the wüstite accumulating in the surrounding magnetite. The more the reduction advances the higher the average content of Al in magnetite and the composition of the phase approaches that of hercynite. This is also energetically favourable, because a new phase need not form. The process is shown schematically in dissolved aluminium in magnetite (darker grey) can remain in wüstite so that it has to diffuse into magnetite. Content of aluminium is highest on the interface of wüstite and magnetite.
Step 2: The amount of wüstite increases.
Step 3: The content of aluminium in magnetite phase increases and the composition of the phase approaches that of hercynite. The volumetric difference between hercynite and wüstite causes cracks at the time. These phenomena can also be observed in the SEM micrographs (Figs. 17-20 and Fig. 26) . The existence of hercynite in the reduction product could also be observed using XRD. The maghemite found in the initial doped unreduced material using XRD may have been magnetite, containing a little dissolved alumina, which would make the lattice constant smaller (Fig. 23 and Fig. 25) . On the other hand the peaks were a quite sharp and matched well with maghemite.
When magnetite is reduced to wüstite, the crystal structure transforms from spinel to fcc structure. There is a volumetric difference between the two structures, which can easily be calculated from the values of lattice constants. The volumetric change depends on the degree of non-stoichiometry of the wüstite and the Al content of the spinel structure as shown in Fig. 25 . [17] [18] [19] If wüstite has the formula Fe 0.88 O and the magnetite is pure, the structure expands about 6 % during reduction to wüstite, but if the spinel structure is as hercynite the expansion is over 16 %. Wüstite formation should then cause high tension forces in the magnetite/hercynite near the interface which may enough to fracture the structure during the reduction of magnetite to wüstite.
The reduction does not proceed as a single front, but it rather along the lattice planes of the magnetite forming a kind of grid structure (Figs. 13 and 14) . The magnetite phase shrinks to small particles or islands between the expanding plates of wüstite. The presence of Al promotes the reduction by causing cracks (Fig. 26) . The three images on left side show development of magnetite reduction to wüstite. The direction of lattice planes is clearly seen especially in two middle images and in the latter one hercynite relics begin to form. Both of the images on right side can be observed cracks on the interface of hercynite relic and wüstite phase and the cracks seem to be in the direction of lattice plane. Those images show also that hercynite relics exist in the phase. This also explains why the densely sintered (B) briquettes were reduced faster in the beginning of the reduction and the porous briquettes at the "end" of the reduction. The grain size was small in the porous samples and the smallest particles were reduced first without any substantial accumulation of Al cations, thus the surface area between iron/iron oxides and gas became the limiting factor when there were only the largest particles unreduced. At that stage cracking of the structure by Al became significant as it was in the case of the sintered samples even at the beginning of the reduction.
The final degree of reduction indicates that Al 2 O 3 binds with FeO creating hercynite, which was not reduced in the prevailing conditions used in the experiments (Fig. 3) . This is also supported by Bruijn, because there has been represented that hercynite is stability up to CO/CO 2 ϭ97/3 gas composition in 950°C.
6) The swelling could be a consequence of the formation of micro-pores between iron and the hercynite phase. 
Conclusions
The degradation mechanism of iron oxides caused by alumina during reduction from magnetite to wüstite has been studied. The experiments were carried out by reducing briquettes containing various mixtures of commercial magnetite fines and Al 2 O 3 in a CO/CO 2 atmosphere at 950°C in thermo-gravimetric equipment.
(1) The presence of Al cations in magnetite induced swelling and cracking of the briquettes during reduction.
(2) Because of the low solubility of Al cations in wüstite during the reduction of Al 2 O 3 doped magnetite to wüstite Al cations have to diffuse in the magnetite away from the growing wüstite. As the reduction process proceeds the average content of Al in magnetite increases approaching that of hercynite.
(3) If the stoichiometry of wüstite is Fe 0.88 O and magnetite is pure, the structure expands about 6 % during the reduction from magnetite to wüstite, but if the spinel structure is hercynite the expansion is over 16 %. In the latter case high tensile forces are generated in the hercynite/magnetite solid solution at the interface with the wüstite which presumably cause the fracturing of the structure during the reduction from hercynite/magnetite to wüstite.
(4) Aluminium in magnetite promoted the reduction of porous briquettes after 60 % reduction. On the other hand, in the case of densely sintered briquettes, the Al-doped material was reduced faster than the un-doped material at the beginning of the reduction. The explanation for this difference is that Al cracked the structure of iron/iron oxide when the surface area became the limiting factor controlling the rate of reduction.
